solvent distribution is compared to the water structure in the clathrate HMTA hexahydrate and to simple models of HMTA in an ice-like water framework. The particle distribution functions of HMTA in water at several concentrations behave almost like those of a gas of hard spheres of 6 A diameter, which is the nearest-neighbour distance of H MTA in the crystal. Thus solvent molecules around the dissolved molecules seem not to hinder the closest contact of the latter. Ion distributions around DNA when dissolved in a l-l-electrolyte solution are calculated solving the Poisson-Boitzmann equation in cylindrical coordinates with appropriate parameters. Scattering curves of DNA in different simple salt solutions are calculated. Agreement with experiment confirms the calculations. In the cylindrical distribution functions of DNA in solution repulsive forces between the rods are reflected. In 0.2 M NaCI these forces keep the molecules away from each other by an average distance of almost twice their diameter. From the so-obtained excluded area the second virial coefficient of short rod-like DNA molecules is calculated and compared to results from light scattering. They agree within experimental error.
I. Introduction
Glasses may be thought of as supercooled liquids which have attained progressively the characteristics of a solid without crystallizing-as such they should reveal structural features analogous to those of liquids without the short-time mobility. The first small-angle X-ray scattering studies of glasses were made in an effort to understand the microheterogeneous structure of the materials. Electron-microscope observations by direct transmission and under strictly controlled conditions show that oxide glasses have a microheterogeneous structure (Zarzycki & Mezard, 1962; Zarzycki, 1970) of paracrystalline type. Even a simple glass such as vitreous SiO2, when observed under proper conditions, is seen to be formed of an assemblage of small non-crystalline domains of 30-50 A in extent, the electron-microscopic contrast observed being possibly re- Fig. 1 . Microstructure of vitreous silica observed by transmission electron microscopy (Zarzycki, 1970a) . lated to the orientational disorder of these domains or to the irregularity of the fracture surface brought out by their existence (Fig. 1 ). Attempts to reveal these features by small-angle scattering methods have failed so far, probably because of the smallness of corresponding electronic-density fluctuations in these otherwise dense structures.
The extensive studies of Porai-Koshitz and coworkers (Porai-Koshitz & Andreyev, 1958 , 1959 Porai-Koshitz, Goganov & Averjanov, 1965) were originally restricted to borosilicate glasses which are well known to be diphasic in nature. In some of the first studies to enhance the electronic contrast one of the phases was even eliminated by leaching, leaving an essentially microporous material. The early attempt of Hoffman & Statton (1955) on SiO2-CaO-MgO and SiO2-CaO-CuO glasses seems to be also relevant to phase-separated glasses. In these early days, however, some authors held the view that all glasses were essentially phase-separated and it was only later recognized that this character is restricted to specific systems.
Renewed interest in small-angle scattering methods in glasses was largely due to the rapid development of studies linked with the process of catalysed crystallization of glasses by which the important new class of materials named 'glass-ceramics' are synthesized.
Phase separation in glasses seems to play an important role in this process and as the dimensions of heterogeneities thus created are in the range of a few hundred ~ngstr6ms, small-angle scattering of X-rays and electron microscopy are ideally suited for these studies and have been used extensively. It may be safely said that all recent small-angle X-ray studies of glasses are devoted to the kinetic problems of demixing or crystallization of these materials.
In order to understand better the specific application of small-angle scattering methods to these problems let us briefly recall the essential features of liquidliquid phase separation (demixing) in glasses (Zarzycki, 1970b) .
II. Sub-liquidus immiscibility

I. Metastable demixing
Demixing of a glass may be considered as a particular case of phase separation of a liquid which has failed to crystallize and has thus become metastable with respect to a crystalline phase. If we consider a simple binary system with a miscibility gap (Fig. 2) in the event of a crystalline phase occurring, the twoliquid field is bounded by the horizontal part of the liquidus [ Fig. 2(b) ]. The evolution of the free energy curves shows then that, for a supercooled liquid the immiscibility field extends below the liquidus, the two descending branches of the coexistence curve simply being extrapolated by continuity towards lower temperatures. If, for kinetic reasons, this crystalline phase does not readily appear, the metastable branches of the coexistence curve may be crossed reversibly and demixing studied independently of crystallization. Several silicate and borate systems are of this sort, a typical example being the B203-PbO system. It may happen that the immiscibility field is entirely subliquidus [Fig. 2(c) ]. In this case the liquidus displays a nearly horizontal portion or an inflexion indicating a pending phase separation which can only be studied in the glassy state (example, SiO2-Na20).
As far as phase separation itself is concerned, the two situations are alike and the two-liquid area may be treated as a whole, the more or less extensive subliquidus portion merely being considered as metastable with respect to a crystalline phase. A similar situation is present in ternary and multicomponent systems where immiscibility surfaces may display metastable sub-liquidus extensions or even be situated entirely below the liquidus.
These metastable portions are not shown in classic equilibrium diagrams -their role is, however, essential to the subject which concerns us here.
Stability regions within a miscibility gap and dynamics of initial clustering
As was shown by Gibbs, a phase is always metastable with respect to the formation of an infinitesimal inclusion with a finite composition difference if this leads to an interface with positive interface free energy.
However, a phase may be unstable with respect to the formation of large regions that are only infinitesimally altered in composition. The limit between these two kinds of stability in a phase diagram is the spinodal, defined as the locus of points for whichf" = t32F/Oc 2 --0 corresponding to the inflexion points, i, j, of the freeenergy-composition curve (Fig. 3 ). In the regions (I), shown on this figure, (f"> 0), the system is stable to infinitesimal composition fluctuations which all raise ,. its free energy, and metastable to occurrence of a phase widely differing in composition. The separation can only occur by a nucleation and growth process which is controlled by a thermodynamic barrier. In the region (II), (f" <0), the system is unstable to all, even the smallest, composition fluctuations; the decomposition is controlled by diffusion only and may give rise to so called 'spinodal decomposition'. In a single phase there is an equilibrium size distribution of fluctuations depending on composition and temperature but independent of time. These fluctuations are particularly marked in the critical region (III) ( Fig. 3) where they give rise to critical opalescence. This will not be studied here. In a two-phase system, on the contrary, there is no equilibrium size distribution -the particles increase indefinitely in size by growth, then coalesce in order to reduce the interface.
Morphology of the precipitates
If we consider an initially homogeneous glass obtained by quench from a liquid at high temperature (well above the critical point) and then progressively heat-treated at a temperature 7"1 ( Fig. 3) , both the kinetics of decomposition and the morphology of the precipitates found in the process will essentially depend upon the location of the system in the immiscibility field, i.e. of composition-temperature relationship.
Outside the miscibility gap the system remains homogeneous (but displays the microheterogeneous paracrystalline structure as recalled in the Introduction). Inside the miscibility gap in region I, between the coexistence curve and the spinodal, the nucleation and growth mechanisms bring about the formation of a Z _o Ca
. Schematic evolution of concentration profiles to illustrate the differences between (a) spinodal decomposition and (b) the nucleation and growth mechanism (Zarzycki, 1970b) . Fig.8 . Comparison of particle-size distributions of phaseseparated glasses of composition 20% Li20 5% BaO, 75 % SiO2 treated at 600 ' for 65 rain and 111 min respectively. Histograms obtained from electron micrographs; dotted curve: calculated values from small-angle scattering of Xrays, assuming log-normal distribution (Nau & Bruckner, 1971) .
minor phase in the form of discrete particles arranged at random, with a well-defined interface (Fig. 4) .
In region II, inside the spinodal the glass may decompose by spinodal mechanism; the progressively separating regions display a diffuse interface and the ultimate texture displays high interconnectivity -topologically two intertwined 'sponges' are produced (Fig. 5) . The concentration profiles corresponding to these two alternate mechanisms are shown schematically in Fig. 6 .
III. Small-angle X-ray scattering studies
The way in which small-angle scattering may be applied to the study of demixing in glasses is closely related to the previous considerations.
Region I
The phase-separated glass contains discl ete particles of the minor phase, often of the same shape (spherical). The system is a dilute one and Guinier approximation may be used to interpret the spectra.
From the classic intensity plot I(h) vs. h 2 [where h = [hi =4re sin (0/2) is the modulus of the scattering vector], the average square gyration radius R g may be obtained. From the extrapolated intensity I(0) and the integrated intensity
quantities respectively proportional to Nv 2 and N~ are obtained, where N is the (average) number of particles, v ~ and ~ averages over the square volume and volume of the particles. As the interface is sharp, Porod's law is generally well obeyed and from the lim~_~ oo [h4I(h)] the average surface of particles may be calculated. All these averages are directly obtained without the tedious statistical calculations which are unavoidable in electron-micrographic evaluations, the scattering thus providing a powerful tool for stereological determination.
It is tempting to use the various independent averages so obtained and to fit a distribution law for particle-size evaluation. This can be easily done; Nau & Bruckner (1971) have recently compared Gauss, Maxwell or log-normal distributions and shown that all of these fit well for the larger-particle portion (Fig. 7) ; in order to describe better the small-particle fraction, essential in the nucleation studies, a more accurate determination of the high-angle portion of the spectrum would be needed. Direct comparison with histograms obtained from electron micrographs by direct counting seems to favour the log-normal distribution (Fig. 8 ).
The precise form of the distribution function may often be inferred from independent physical considerations. In particular, when the system is undergoing an Ostwald ripening process (which invariably follows the nucleation and growth or the spinodal phase), the calculated from X-ray data for a glass of composition 99% BzO~ 2% PbO (Zarzycki & Naudin, 1967) . asymptotic distribution is known from Lifshitz-Slyozov and Wagner theory and may be fitted to X-ray data. Fig. 9 shows as example the BzO3-PbO system undergoing coalescence and Fig. 10 a set of distribution curves obtained in this way from small-angle X-ray scattering data (Zarzycki & Naudin, 1967) . Fig. ll. (a) Cross-section of a three-dimensional spinodal structure simulated on the computer adding 100 random sine waves of wavelength 2. The points define regions where the concentration is greater than average; (b) Cross section through a three-dimensional matrix of equal spheres. Positions randomized by computer (Zarzycki, 1970b) . Fig. 13 . Small-angle X-ray diffraction spectra of a glass 76% B203, 19 % PbO, 5 % A1203 (in wt.%) quenched from 1150°C then heat-treated at 450°C for 1.5 to 120 min (Zarzycki & Naudin, 1969) .
As the small-angle scattering is independent of the short-range order in the precipitate, the above results may be equally well applied to the case where the precipitates are no longer amorphous but crystalline. The initial stages of crystallization in the SiOz-Li20 system have been studied in this way (Hench, Frieman & Kinser, 1971 ).
Region II
In region II where neither phase is minor the system is a dense one and the application of the preceding analysis is no longer possible. When the system undergoes spinodal decomposition the geometrical definition of a 'particle' is meaningless and even in the case of a nucleation mechanism the particles coalesce into highly interconnected areas. Fig. 11 shows the corresponding computer-generated patterns.
Fortunately the theory of spinodal decomposition as developed by Cahn (1965) is established in reciprocal space and small-angle scattering permits the direct evaluation of the process.
Essentially the local concentration c(r, t) in the system at time t at a point of space defined by the position vector r is analysed in terms of its Fourier components by the expression
c(r,t)-eo= 2 f~
where Co is the average concentration, p a vector in Fourier space the modulus of which is the wave number fl and A(p,t) the amplitude at time t of the Fourier component associated with p (,6= 2~/A, where A is the wavelength of the spatial component).
Cahn has shown that as the decomposition proceeds, in order that the expression (e) satisfies the generalized diffusion equation, the amplitude A(p, t) at time t must be related to the initial amplitude A(p,0) by the exponential relation A(p,t)=A (p,O) exp [R(fl) . t] where R(fl) is an amplification factor depending on the physical characteristics of the system: atomic mobility, energy-gradient terms, and which may contain contributions due to external fields. R(fl) is positive only in the spinodal region, for wave numbers fl lower than a critical number tic, and presents a fairly sharp peak for fl,, (Fig. 12 ).
In the spinodal process the fluctuations with fl>flc decay and those with 0 <fl <tic are amplified, the preferential growth of a small band centred on ft,, resulting in the production of the sponge-like texture with an apparent periodicity.
It can be shown (Zarzycki & Naudin, 1969 ) that provided that h=[I the diffracted intensity l(h,t) is proportional to the square of the amplitude A([l,t) A* (p,t) . The diffraction spectrum thus directly provides the distribution of the squares of the amplitude of the spatial components.
As the 'spinodal wavelength' A,,= 27rift,, is typically of the order of 100 A the study of this type of heterogeneities falls in the classic range of small-angle scattering of X-rays.
From the evolution of small-angle X-ray spectra the amplification factor R(fl) can be directly obtained and experimental results confronted with the theory. This has been done in particular for B2Oa-PbO-Al2Oa (Zarzycki & Naudin, 1969) and SiO2-Na20 (Neilson, 1969) systems. For the first system (Fig. 13 ) the initial stages could be also followed in situ with a small-angle X-ray goniometer fitted with a high-temperature cell and the results correlated with the supercritical data obtained for the system in the liquid state at 700°C (Zarzycki & Naudin, 1971) . The SiO2-Na20 system has recently been re-examined by Tomozawa, Mac-Crone & Herman (1970) in order to check the validity of linearized Cahn's theory. The experimental study and theoritical consideration show that the amplification factor curve shows in fact two maxima (Fig. 14) in the early stages of decomposition.
Recently the small-angle scattering of neutrons has been applied to the same system (Roth & Zarzycki, 1974) . The first results obtained with the ILL D 11 goniometer (Fig. 15) show that this technique can be advantageously used and together with a corresponding X-ray study will permit a better assessment of these kinetics in particular in more complicated multicomponent systems. The absence of multiple scattering and the possibility of varying scattering cross section by use of isotopes will make small-angle neutron scattering an invaluable tool for the study of phase separation in glasses.
IV. Conclusion
The characteristics of microheterogeneities in glasses brought about by phase-separation processes and the study of corresponding kinetics are particularly well suited to the X-ray and neutron small-angle scattering methods.
The practical importance of these studies which has hitherto been evident in the evaluation of glass-ceramic processes will be extended in the foreseeable future in two additional directions:
(1) The preparation of glasses for light conductors for communication systems with minimal scattering losses.
(2) The characterization of semiconducting glasses with switching properties (OVONICS) which appear to be linked with phase separation.
Small-angle scattering methods provide a direct quantitative assessment of texture, difficult if not impossible to attain by other ways. Fig. 15 . Small-angle neutron diffraction spectra of a 88 % SiO2, 12 % Na20 glass, as quenched, and heat-treated for 20 and 40 min at 560°C (Roth & Zarzycki, 1974) .
Small-angle scattering (SAS) of neutrons is applied to the investigation of microinhomogeneous structure of glasses in the systems Na20-AI203-SiO2-TiO2 and MgO-AI203-SiO2-TiO2. It must be noted that similar investigations of glassy state of for example sodiumsilica (Tomozawa, Herman & MacCrone, 1970) and lithia-silica (Gaganov & Poray-Koshits, 1965) systems has already been conducted by the method of X-ray SAS. The advantages of the chosen method are: possibility of measurements with massive specimens because of the weak absorption of neutrons by most of the elements and the high sensitivity to fluctuations of atomic density because of the negative sign of the Ti nuclear scattering amplitude. The latter circumstance is important not only because the phase segregation in glasses is characterized by a small density difference of coexisting microphases but also because of the special role that titania plays in the phase-segregation processes in alumina-silica glasses. It is supposed by some authors (Berezhnoy, 1966; Pavlushkin & Khodakovskaya, 1969; MacMillan, 1967; Symposium on Nucleation and Crystallization in Glasses and Melts, 1962 ) that the addition of TiO2 to alumina-silica glasses results in their liquation in the temperature region 700-900°C which precedes the formation of a crystalline phase, i.e. the liquation mechanism of phase segregation is supposed. However this concept is based either on theoretical assumptions (Roy, 1960; Stookey, 1959) , or on the analysis of glass properties and the form of crystalline phases appeared after a prolonged high-temperature annealing (Pavlushkin & Khodakovskaya, 1969 . With the exception of the optical measurements by Maurer 
